After termination, eukaryotic 80S ribosomes remain associated with mRNA, P-site deacylated tRNA and release factor eRF1, and must be recycled by dissociating these ligands and separating ribosomes into subunits. Although recycling of eukaryotic post-termination complexes (post-TCs) can be mediated by initiation factors eIF3, eIF1 and eIF1A (Pisarev et al., 2007) , this energy-free mechanism can function only in a narrow range of low Mg 2+ concentrations. Here we report that ABCE1, a conserved and essential member of the ATP-binding cassette (ABC) family of proteins, promotes eukaryotic ribosomal recycling over a wide range of Mg 2+ concentrations. ABCE1 dissociates post-TCs into free 60S subunits and mRNA-and tRNA-bound 40S subunits. It can hydrolyze ATP, GTP, UTP and CTP. NTP hydrolysis by ABCE1 is stimulated by post-TCs and is required for its recycling activity. Importantly, ABCE1 dissociates only post-TCs obtained with eRF1/eRF3 (or eRF1 alone), but not post-TCs obtained with puromycin in eRF1's absence.
Introduction
Protein synthesis consists of four stages: initiation, elongation, termination and ribosomal recycling. During termination, when a stop codon enters the A-site, release factors (RFs/eRFs) mediate hydrolysis of the P-site peptidyl-tRNA. In bacteria, class-1 RF1 and RF2 promote hydrolysis of peptidyl-tRNA, whereas the class-2 RF3 mediates release of RF1/RF2 from posttermination ribosomes and dissociates itself after hydrolyzing GTP, yielding post-TCs that comprise 70S ribosomes, mRNA and P-site deacylated tRNA (Zavialov et al., 2001 , Gao et al., 2007 . Recycling of post-TCs requires elongation factor EF-G, the ribosome recycling factor RRF and initiation factor IF3 (reviewed in Petry et al., 2008) . EF-G and RRF dissociate post-TCs into free 50S subunits and 30S subunits bound to mRNA and P-site deacylated tRNA in a GTP-dependent manner, after which IF3 induces tRNA release from 30S subunits, and mRNA then dissociates spontaneously. RRF binds to post-TCs in the ratcheted state, interacting with segments of 23S rRNA that are constituents of B2a and B3 inter-subunit bridges (Gao et al., 2005) . It has been proposed that EF-G•GDP binds RRF-associated post-TCs and exchanges GDP for GTP; EF-G•GTP then induces rotation of RRF's head domain, which after GTP hydrolysis splits ribosomes into subunits (Gao et al., 2005) .
The termination mechanism in eukaryotes differs significantly from that in bacteria: whereas RF3 mediates recycling of RF1/RF2 from post-TCs, eukaryotic class-2 eRF3 acts cooperatively with class-1 eRF1 to ensure rapid peptide release (Alkalaeva et al., 2006) . In a current model, eRF1, eRF3 and GTP form a ternary complex, which induces conformational changes in eRF1 that likely increase its affinity to pre-termination complexes (pre-TCs) (Cheng et al., 2009 and references therein) . Binding of eRF1/eRF3/GTP induces conformational changes in pre-TCs, which manifest as a 2nt forward shift of their toe-print (Alkalaeva et al., 2006) . Subsequent GTP hydrolysis by eRF3 induces further conformational changes, likely in eRF1 (Cheng et al., 2009) , required for positioning of eRF1's GGQ loop in the peptidyl transferase center and efficient peptide release (Alkalaeva et al., 2006; Fan-Minogue et al., 2008) . In contrast to bacteria, at least one release factor, eRF1, remains bound to eukaryotic post-TCs, accounting for maintenance of the 2nt toe-print shift in post-TCs after peptide release (Pisarev et al., 2007) . The ribosomal binding sites for eRF1/eRF3 and EF-G/RRF overlap, and since eRF1 remain associated with post-TCs, mechanisms of ribosomal recycling in the two kingdoms must differ. Consistently, eukaryotes do not encode a RRF homologue, and at a free (nucleotide-unbound) Mg 2+ concentration of 1 mM, eukaryotic recycling can be mediated by initiation factors eIF3, eIF1, eIF1A and eIF3's loosely associated 3j subunit (Pisarev et al., 2007) . eIF3, which binds to the solvent side of 40S subunits (Siridechadilok et al., 2005) , promotes dissociation of post-TCs into 60S subunits and tRNA/mRNA-bound 40S subunits, and its activity is enhanced by eIF3j, eIF1 and eIF1A. eIF1 then induces release of P-site tRNA, followed by 3j-mediated dissociation of mRNA.
Although bacterial and proposed eukaryotic recycling mechanisms show some similarities, such as dissociation of post-TCs into free large subunits and tRNA/mRNA-bound small subunits, and subsequent promotion of release of deacylated tRNA by eIF1 and IF3, factors that bind to identical regions on small ribosomal subunits and perform equivalent roles during initiation (Lomakin et al., 2006 and references therein) , the differences between these mechanisms outweigh their similarities. The principal difference is that in bacteria, recycling occurs from the intersubunit space and involves GTP hydrolysis, whereas in eukaryotes, in the current model it occurs without energy consumption and relies on eIF3 acting from the 40S subunit's solvent side. We have now determined that this "passive" mechanism of eukaryotic recycling functions only in a narrow range of low Mg 2+ concentrations, but ribosomal recycling in a wide range of Mg 2+ concentrations is promoted by ABCE1, an essential member of the ATP-binding cassette (ABC) family of proteins, which dissociates post-TCs into free 60S subunits and mRNA-and tRNA-bound 40S subunits.
Results

Initiation factors promote ribosomal recycling only at low Mg 2+ concentrations
To investigate the ability of eIFs 3/1/1A to promote recycling at elevated Mg 2+ concentrations, which reduce the flexibility of ribosomal subunits and stabilize their association (Shenvi et al., 2005) , pre-TCs were assembled from 40S subunits, [ 32 P]60S subunits, eIFs 2, 3, 1, 1A, 4A, 4B, 4F, 5 and 5B, elongation factors eEF1H and eEF2, and native aminoacylated Met-, Val-, His-and Leu-tRNA on MVHL-STOP mRNA encoding a MVHL tetrapeptide followed by a UAA stop codon (Fig. 1A) , and purified by sucrose density gradient (SDG) centrifugation. We note that Mg 2+ concentrations described throughout the text will refer to the free (nucleotide unbound) concentration. Whereas incubation of such pre-TCs with eRF1/eRF3 and eIFs 3/1/1A at 1 mM Mg 2+ dissociates post-termination ribosomes into subunits (Pisarev et al., 2007; Fig. 1B) , no dissociation occurred at 2.5 mM Mg 2+ (Fig. 1B) , even though peptide release is efficient even at 8 mM Mg 2+ (Alkalaeva et al., 2006) . Binding of eRF1/eRF3/GTP to pre-TCs at 1 mM Mg 2+ shifts their toe-print 2nt forward from +16nt from the P-site CUU codon to +15nt from the A-site UAA stop codon (Alkalaeva et al., 2006) , and this shift persists in post-TCs due to their continued association with eRF1 (or with eRF1/eRF3 if eRF3 does not dissociate after GTP hydrolysis) even after peptide release (Pisarev et al., 2007) . However, the toe-print shift in post-TCs was less complete than in pre-TCs when peptide release was not allowed (e.g. in the presence of GMPPNP) suggesting that eRF(s) to some extent dissociate from post-TCs (Alkalaeva et al., 2006) . We now found that at 2.5 mM Mg 2+ , the toe-print shift in post-TCs was preserved completely (Fig. 1C ), indicating that eRF1 (or eRF1/eRF3) remained firmly bound to post-TCs. Consistently, whereas at 1 mM Mg 2+ , eRF1 dissociated from post-TCs after SDG centrifugation, it remained bound at 2.5 mM Mg 2+ (Fig. 1D ). Although no association of eRF3 with post-TCs was observed at any Mg 2+ concentration (data not shown), we cannot exclude that eRF3 might have dissociated due to the stringency of centrifugation. Importantly, even though firm association of eRF1 (or eRF1/eRF3) with post-TCs at 2.5 mM Mg 2+ likely contributes to their stability, it cannot account entirely for the inability of eIFs to promote recycling at this Mg 2+ concentration, because post-TCs obtained by incubation with puromycin could also not be recycled ( Fig. 1B) .
Interestingly, we also found that post-TCs assembled with P-site unmodified in vitro transcribed tRNA Leu could not be recycled by eIFs even at 1 mM Mg 2+ if peptide release was triggered by eRFs, but could if it was induced by puromycin ( Fig. 1E ). The inability of eIFs 3/1/1A to recycle post-TCs containing transcript tRNA Leu that were obtained with eRFs could not be explained by incomplete peptide release, since it occurred as efficiently as on post-TCs with native tRNA Leu (Supplemental Fig. S1 ), and was most likely due to increased retention of eRF1 (or eRF1/eRF3) on post-TCs after peptide release. Thus, in contrast to post-TCs with native tRNA Leu , eRF1 remained on post-TCs with transcript tRNA Leu after SDG centrifugation even at 1 mM Mg 2+ (Fig. 1F ). Moreover, in contrast to post-TCs with native tRNA Leu , in which the 2nt toe-print shift required both eRFs (Alkalaeva et al., 2006) , this shift could be induced by eRF1 alone in complexes with transcript tRNA Leu (Fig. 1G ). Nucleotide modifications stabilize tRNA conformation (Agris, 2008) , and their absence in transcript tRNA Leu likely altered its conformation and interactions with the ribosome or even eRF1 in a way that enhanced eRF1's association with post-TCs. We do not know which characteristics of transcript tRNA Leu are responsible for strengthening the eRF1/post-TC interaction but note that post-TCs assembled with native tRNA Cys or tRNA Gln behaved analogously to post-TCs assembled with native, rather than with transcript tRNA Leu (data not shown).
Thus, elevation of the Mg 2+ concentration or firm association of eRF1 (or eRF1/eRF3) with post-TCs prevent ribosomal recycling by eIFs 3/1/1A in the in vitro reconstituted system.
ABCE1 dissociates post-TCs into free 60S subunits and mRNA-and tRNA-bound 40S subunits over a wide range of Mg 2+ concentrations
In RRL, however, recycling of pre-assembled post-TCs containing native or transcript tRNA Leu occurred efficiently over a wide range of Mg 2+ concentrations (Supplemental Fig.  S2 ), indicating the existence of a different recycling mechanism. Purification from RRL of factor(s) that promoted recycling at elevated Mg 2+ concentrations yielded an apparently homogenous ∼65 kDa protein ( Fig. 2A ) that was identified as ABCE1 ( Supplementary Table  S1 ), a member of the ABC family of proteins that are mostly involved in transport across membranes but also in DNA repair and translation (Rees et al., 2009) . ABC proteins typically contain two nucleotide-binding domains (NBDs) arranged in a head-to-tail manner to form two composite active sites, and can generate a tweezer-like power stroke upon nucleotidedependent conformational transitions between the stages of ATP binding and hydrolysis.
Expression of ABCE1 in E. coli or S. cerevisiae did not yield active protein (data not shown), and earlier attempts to purify overexpressed ABCE1 from S. cerevisiae likely also resulted in its inactivation (Dong et al., 2004) . For this reason, experiments described below were done using native ABCE1.
At 2.5 mM Mg 2+ , ABCE1 promoted efficient (∼40%) dissociation into subunits of post-TCs containing native tRNA Leu (Fig. 2B) . However, the level of dissociation by ABCE1 was substantially increased by inclusion in reaction mixtures of 60S subunits, eIF6 (a ribosome anti-association factor that binds 60S subunits; Si et al., 1997) , or eIFs 3/1/1A (Fig. 2C ) that can all prevent reassociation of recycled [ 32 P]60S with 40S subunits, which indicated that dissociation was transient in nature. All further experiments on dissociation of post-TCs by ABCE1 were therefore done in the presence of eIF6 to trap recycled 60S subunits, or 60S subunits or eIFs to trap recycled 40S subunits, as appropriate.
Recycling by ABCE1 was equally efficient at 1.2 and 2.5 mM Mg 2+ , ∼30% less efficient at 3.5 mM Mg 2+ , marginal at 5 mM Mg 2+ , and did not occur at 10 mM Mg 2+ (Fig. 2D) . Importantly, the Mg 2+ -dependence of recycling observed in the reconstituted system in the presence of ABCE1 was similar to that in RRL (Supplemental Fig. S2 ), although we note that the concentration of free Mg 2+ in RRL could not be calculated precisely. Recycling was rapid, and ∼30% of post-TCs were dissociated within 30 seconds of incubation ( Fig. 2E ). ABCE1 was also able to promote dissociation of post-TCs assembled with transcript tRNA Leu (Fig.  2F ).
After incubation of pre-TCs assembled using 32 P-labeled Leu-tRNA Leu or MVHL-STOP mRNA with eRF1/eRF3, ABCE1 and eIF6, both tRNA and mRNA were bound to recycled 40S subunits ( Fig. 3A , black squares; Fig. 3B , red circles), indicating that ABCE1 dissociates post-TCs into free 60S subunits and mRNA/tRNA-bound 40S subunits. Consistently, in toeprinting experiments, incubation of post-TCs with ABCE1 reversed the 2nt toe-print shift back to +16nt from the P-site CUU codon indicating dissociation of post-TCs into free 60S subunits and 40S subunits associated with mRNA and P-site deacylated tRNA, which were responsible for the +16nt toe-print ( Fig. 3E, lanes 2, 3) . Inclusion of eIFs 3/3j/1A did not influence association of tRNA with recycled 40S subunits ( Fig. 3A , black triangles), whereas ∼30% less tRNA was bound to 40S subunits in the presence of eIF1 ( Fig. 3A , open red circles), and only ∼10% tRNA remained bound in the presence of eIFs 1/1A (Fig. 3A , filled red circles), indicating that eIF1 is the key factor in promoting release of tRNA from recycled 40S subunits, and that eIF1A strongly enhances its activity. Efficient eIF1/eIF1A-mediated dissociation of tRNA was accompanied by near-complete mRNA release ( Fig. 3C ). Inclusion in the reaction mixture of eIF3 in addition to eIFs 1/1A resulted in less complete dissociation of mRNA ( Fig.  3D , blue triangles), consistent with the reported stabilization of 40S/mRNA association by eIF3 (Kolupaeva et al., 2005) , and efficient dissociation of mRNA from recycled 40S subunits in the presence of eIF3 required eIF3j ( Fig. 3D , red circles). As in the case of tRNA, association of mRNA with 40S subunits was not influenced by eIFs 3/3j/1A in the absence of eIF1 ( Fig.  3D ). However, in toe-printing experiments, predominant synthesis of full-length cDNA indicative of complete recycling was observed only in the presence of all four initiation factors (Fig. 3E, lane 4) , but not eIF1 and eIF1A alone (Fig. 3E, lane 6 ). This indicates that in the absence of eIF3, eIFs 1/1A only weaken association of P-site deacylated tRNA with recycled 40S subunits, which leads to tRNA and subsequent mRNA dissociation during centrifugation, whereas release of tRNA and mRNA from recycled 40S subunits without SDG centrifugation also requires eIF3 and eIF3j. Thus, the mechanism of tRNA and mRNA release from 40S subunits during recycling at high Mg 2+ concentrations in the presence of ABCE1 paralleled that observed at low Mg 2+ concentrations in its absence (Pisarev et al., 2007) .
Interestingly, incubation of post-TCs with ABCE1 at 5 or 10 mM Mg 2+ , when dissociation of post-TCs into subunits does not occur ( Fig. 2D) , also reversed the 2nt toe-print shift (Fig. 3F ). Even though post-TCs were not dissociated at such non-permissive Mg 2+ concentrations, association of eRF1 with them was reduced ( Fig. 3G , triangles and squares), indicating that ABCE1 may cause conformational changes in post-TCs that weaken the eRF1/post-TC interaction.
To exclude the possibility that ABCE1's recycling activity was either an artifact of the highly fractionated reconstituted system, or due to trace amounts of co-purifying protein(s), recycling of preassembled post-TCs was investigated in a HeLa cell extract, in which ABCE1's level was reduced by RNA interference. Transfection of HeLa cells with ABCE1 siRNA resulted in ∼80% depletion of ABCE1 mRNA (data not shown) and in 80-90% reduction in protein level (Fig. 4A ), which was accompanied by a 4-fold reduction in translation of a capped polyadenylated reporter mRNA in the corresponding silenced HeLa cell extract comparing to mock depleted (GFP) extract (Fig. 4B) . To estimate the effect of ABCE1-depletion on recycling, pre-TCs were assembled on MVHL-STOP mRNA, purified by SDG centrifugation, treated with eRFs 1/3 to induce peptide release, and then incubated with control or ABCE1silenced HeLa cell extracts. Ribosomal association of MVHL mRNA was then assayed by toeprinting. Incubation with the control extract led to 3-5-fold more efficient dissociation of post-TCs and a concomitant increase in appearance of full-length cDNA, than incubation with ABCE1-silenced extract over a range of extract concentrations (Fig. 4C ), indicating that recycling was impaired in the latter. Addition of purified ABCE1 to the ABCE1-silenced extract restored its recycling activity ( Fig. 4C ).
Dissociation of post-TCs by ABCE1 requires eRF1
Importantly, ABCE1 dissociated efficiently only those post-TCs, in which peptide release had been triggered by both eRF1 and eRF3 ( Fig. 4D , red triangles), whereas dissociation of post-TCs obtained with eRF1 alone was less efficient (blue squares), and occurred only at high concentrations of eRF1 that exceeded those required for peptide release. Moreover, post-TCs obtained with puromycin could not be dissociated by ABCE1 (black circles), indicating that eRF1 was essential for recycling of post-TCs by ABCE1.
The difference in the efficiency of recycling of post-TCs obtained with eRF1/eRF3 and with eRF1 alone must reflect differences in their composition and/or conformation. We noticed that when peptide release was induced by eRF1 alone, the 2nt toe-print shift of post-TCs occurred very inefficiently, and only at a very high eRF1 concentration (Fig. 4E, lanes 2, 3) . However, in contrast to wt eRF1, the eRF1(AGQ) mutant with a substitution in the GGQ motif (which is inactive in peptide release) could efficiently induce the shift in eRF3's absence, but it disappeared upon puromycin-induced peptide release (Fig. 4E, lanes 4, 5) . This suggested that wt eRF1 might also induce the shift during initial binding to pre-TCs, and that it reverts after peptide release. On the other hand, addition of puromycin to pre-TCs incubated with eRF1 (AGQ)/eRF3 did not eliminate this shift (Fig. 4E, lanes 6, 7) , and addition of ABCE1 and eIFs 3/3j/1/1A to such post-TCs obtained with eRF1(AGQ)/eRF3/puromycin promoted their recycling (Fig. 4E, lane 9 ). Since the 2nt toe-print shift most likely reflects association of eRF1 with ribosomal complexes, these observations suggest that eRF1 remains firmly bound to post-TCs only in the presence of eRF3. We also detected a direct physical interaction between eRF1 and ABCE1 using a pulldown assay ( Fig. 4F ), but the specificity of this interaction and its existence in the context of post-TCs remain to be investigated. Taken together, these data suggest that conformational changes induced in post-TCs by release factors or a physical interaction between eRF1 and ABCE1 are required for productive interaction of ABCE1 with post-TCs.
Ribosomal association of ABCE1
We next investigated the nucleotide-dependence of ribosomal binding of ABCE1 using SDG centrifugation followed by western blotting. In the presence of AMPPNP, ABCE1 bound stably to 40S subunits and to 43S complexes obtained with GMPPNP ( Fig. 5A, lanes 1, 3) , but not to 80S ribosomes (Fig. 5A, lane 7) or pre-TCs (Fig. 5C, lane 5) , indicating that the ABCE1binding site in both of them is occluded. However, in the presence of AMPPNP, ABCE1 efficiently associated with post-TCs containing transcript tRNA Leu that were obtained with eRF1 alone (Fig. 5C, lane 1) , and with pre-TCs bound to the eRF1(AGQ) mutant, which is inactive in peptide release (Fig. 5C, lane 7) , indicating that AMPPNP-dependent binding of ABCE1 to 80S ribosomal complexes requires their association with eRF1, but does not depend on peptide release. The fact that ABCE1 did not associate with any ribosomal complexes in the presence of ATP or ADP (Figs. 5A-C) suggests that NTP hydrolysis by ABCE1 reduces its ribosomal affinity.
Importantly, addition of eRF3/GMPPNP to reaction mixtures containing pre-TCs and eRF1 (AGQ) prevented association of ABCE1 with ribosomal complexes irrespective of whether or not peptide release was induced by puromycin ( Fig. 5C, lanes 3, 6) . Inhibition of ABCE1's ribosomal binding by eRF3/GMPPNP suggests a mechanism to prevent premature association of ABCE1 with termination complexes.
In the absence of nucleotides, ABCE1 alone associated weakly with 80S ribosomes, 40S and 60S subunits (Fig. 5A, lanes 5, 9; Fig. 5B, lane 1) , whereas in the presence of eRF1, ABCE1 and eRF1 exhibited strong cooperative binding to 80S ribosomes, which was not influenced by eRF3 (Fig. 5D, lanes 1, 2 of both panels; Fig. 5E ). eRF1's association with 80S ribosomes was not enhanced by ABCE1 in the presence of ATP, ADP or AMPPNP (Fig. 5E ). In toeprinting experiments, addition of SDG-purified 80S/eRF1/ABCE1 complexes to post-TCs eliminated the 2nt toe-print shift (Fig. 5F) , indicating that in the presence of ATP, ABCE1 can dissociate from 80S/eRF1/ABCE1 complexes and interact productively with post-TCs.
NTP hydrolysis by ABCE1 is required for its function in ribosomal recycling ABCE1 had very low intrinsic NTPase activity and lacked specificity, hydrolyzing ATP, GTP, CTP and UTP (Fig. 6A, lanes 3, 7, 11, 15 ). ABCE1's NTPase activity was stimulated 2-3-fold by 80S ribosomes (Fig. 6A, lanes 4, 8, 12, 16) . The low stimulation of ABCE1's NTPase activity by 80S ribosomes is consistent with the lack of stable interaction between ABCE1 and free 80S ribosomes (Fig. 5A ). However, ABCE1's NTPase activity was very strongly stimulated in the presence of pre-TCs and eRF1(AGQ) or wt eRF1 (shown for GTP hydrolysis in Fig. 6B , filled circles and triangles). Stimulation by pre-TCs and wt eRF1 was reduced by eIF6, which most likely prevented reassociation of recycled ribosomal subunits thus allowing fewer rounds of NTP hydrolysis per ribosomal complex (Fig. 6B, open diamonds) . Stimulation of NTP hydrolysis by pre-TCs alone was low (Fig. 6B, open squares) and similar to that observed for individual 80S ribosomes (Fig. 6A) . Stimulation of ABCE1's NTPase activity by different ribosomal complexes therefore correlated with their ability to bind ABCE1.
Since eRF3 must hydrolyze GTP to allow peptide release, and ABCE1 lacks nucleotide specificity and can also hydrolyze GTP, post-TCs obtained with eRF1/eRF3 could not be tested for stimulation of ABCE1's NTPase activity. For the same reason these complexes were not suitable for direct investigation of the role of ABCE1's NTPase activity in recycling, which was therefore instead first tested using post-TCs obtained with a high concentration of eRF1.
Recycling was observed only in the presence of ATP, but not in the absence of nucleotides or in the presence of ADP, AMPPNP, or ATPγS (Fig. 6C ). All four NTPs promoted similarly efficient recycling (Fig. 6D) . Importantly, addition of excess of the slowly-hydrolysable ATP analogue ATPγS to post-TCs obtained with eRF1/eRF3/GTP strongly inhibited their recycling by ABCE1 (Fig. 6E ). In similar experiments done using post-TCs obtained by incubating pre-TCs containing transcript tRNA Leu with eRF1, ABCE1 promoted efficient recycling only in the presence of GTP, ATP, UTP or CTP (Fig. 6F, lanes 3-6) , but not in the absence of nucleotides or in the presence of GMPPNP, AMPPNP, GDP or ADP, assayed using toeprinting (Fig. 6F, lanes 7-11) . Interestingly, in the presence of AMPPNP, ABCE1 even stabilized the eRF1/post-TC interaction (Fig. 6G ). Taken together, these results indicate that NTP hydrolysis by ABCE1 is required for its activity in recycling.
Discussion
The mechanism of ribosomal recycling is a long-standing unresolved question of eukaryotic translation. Although eukaryotic recycling can be mediated by eIF3, eIF1 and eIF1A (Pisarev et al., 2007) , this energy-free mechanism can function only at low (∼1 mM) Mg 2+ concentrations. We now report that recycling over a wide range of Mg 2+ concentrations requires ABCE1, which promotes dissociation of post-termination complexes into free 60S subunits and tRNA-and mRNA-bound 40S subunits (Fig. 7) . Release of tRNA and mRNA from recycled 40S subunits is mediated by eIFs 3, 1 and 1A. ABCE1 is most likely involved in recycling at all Mg 2+ concentrations, accelerating the process at lower and becoming essential at higher concentrations. ABCE1 is the fourth ABC family member that is involved in eukaryotic translation. The others are: (i) ABC50, which stimulates formation of eIF2/GTP/ Met-tRNA Met i complexes (Paytubi et al., 2009 ), (ii) GCN20, which functions with GCN1 in activating the GCN2 eIF2α kinase (Marton et al., 1997) , and (iii) fungus-specific elongation factor eEF3, which facilitates release of deacylated tRNA from the E-site after translocation (Andersen et al., 2006) . ABCE1 is evolutionarily highly conserved, and is present in Archaea and all eukaryotes (Dean and Annilo, 2005) . Although it was originally identified as an RNase L inhibitor (Bisbal et al., 1995) , this could not be ABCE1's main function because RNAse L occurs only in mammals. Consistently, recent studies implicated it in more fundamental processes of translation (Andersen and Leevers, 2007; Dong et al., 2004; Chen et al., 2006) and ribosome biogenesis (Kispal et al., 2005; Yarunin et al., 2005) . Depletion of ABCE1 in vivo in yeast, mammalian and Drosophila cells resulted in a decrease in polysomes and accumulation of mRNA-free 80S monomers (Andersen and Leevers, 2007; Dong et al., 2004; Chen et al., 2006) , consistent with a defect in initiation. Strong reductions in 40S-associated eIF2 and eIF1 in ABCE1-depleted yeast cells led to the suggestion that it promotes 43S complex assembly (Dong et al., 2004) , and since ABCE1 is much less abundant than eIF2 or eIF3 (Ghaemmaghami et al., 2003) , it was proposed to act catalytically in this process (Dong et al., 2004) . In contrast to these data, 90% depletion of ABCE1 in Drosophila cells did not influence levels of 40S-bound eIF2 and eIF3, but markedly reduced polysomes, suggesting that ABCE1 is involved in a step downstream of 43S complex formation (Andersen and Leevers, 2007) . Consistently, we found that silencing of ABCE1 in HeLa cells impaired ribosomal recycling. Although a role for ABCE1 in initiation cannot be excluded by these data, the 'initiation' defect observed in cells with depleted ABCE1 might also be a consequence of ABCE1's function in recycling. Thus, impaired recycling, on one hand, would lead to disruption of the hypothetical 'closed loop' mechanism in which initiation is enhanced by preferential shunting of recycled 40S subunits to the 5′-end of the same mRNA due to its circularization through the cap-eIF4E/eIF4G/PABP-polyA/eRF3 chain of interactions (Uchida et al., 2002) , whereas stalled elongation complexes that would presumably accumulate on mRNAs might, on the other hand, be targeted for degradation. Interestingly, some mutations in release factors also lead to changes in polysome profiles that are characteristic of initiation defects (e.g. Smirnov et al., 1976) .
ABC proteins typically contain twin ABC-type NBDs, which can convert chemical energy into mechanical work (Rees et al., 2009) . NBDs contain catalytic domains arranged in a head to tail orientation, which creates two composite nucleotide-binding sites. ATP binds at the interface of NBDs, with the ATP γ-phosphate located between the P-loop of the Walker A motif of one NBD and the signature motif of the other. The basis for the activity of ABC proteins is their ability to undergo cyclical conformational changes determined by changes in the relative positions of the NBDs, which depend on the nucleotide-bound state of the protein: the ATP-bound state is characterized by a closed, 'dimerized' conformation of the ABC cassettes with an extensive interface between NBD domains, whereas in the ADP-bound and nucleotide-free states, the separation between NBD domains is much greater. Thus, nucleotidedependent conformational transitions between the stages of ATP binding and hydrolysis induce a tweezer-like power stroke between NBD domains that could cause conformational changes in associated domains and/or macromolecules.
ABCE1 comprises an N-terminal domain harboring two [4Fe-4S] clusters that is structurally related to bacterial-type ferredoxins, followed by two NBDs arranged by a hinge domain (Karcher et al., 2008) . Mutation of conserved amino acids involved in ATP binding and hydrolysis, and of structurally important residues in the FeS domain are lethal (Dong et al., 2004; Kispal et al., 2005; Karcher et al., 2005; Barthelme et al., 2007) indicating that both NBDs and the FeS domain are essential for ABCE1's function. The fact that ABCE1's [4Fe-4S] clusters are stable down to redox potentials up to -560 mV argues against their electron transfer function (Barthelme et al., 2007) , whereas the presence of a conserved positively charged patch on the FeS domain suggests that it might be involved in ABCE1's interaction with the ribosome (Karcher et al., 2008) . The FeS domain also directly contacts NBD1's ATP-binding site, and might therefore transmit ATP-dependent structural changes in the NBDs to associated ligands, e.g. the ribosome.
Dissociation of post-TCs into ribosomal subunits by ABCE1 requires NTP hydrolysis and occurs only if peptide release is induced by eRF1/eRF3 or by eRF1 alone, but not by puromycin. Moreover, whereas dissociation of post-TCs obtained with eRF1/eRF3 is efficient, dissociation of post-TCs obtained with eRF1 is not and requires high concentrations of eRF1. Post-TCs obtained with eRF1/eRF3 remain bound to eRF1 (or possibly eRF1/eRF3) and are characterized by a 2nt. shift of their toe-print that likely results from conformational changes involving rotation of the head relative to the body of the 40S subunit that affects the extent to which reverse transcriptase penetrates into ribosomal complexes. In contrast, when peptide release is induced by eRF1 alone, eRF1 does not remain bound to post-TCs, and a weak 2nt toe-print shift is apparent only at high concentrations of eRF1. Thus ABCE1's ability to dissociate post-TCs correlates with their binding to eRF1, indicating that conformational changes induced in post-TCs by eRF1 and/or its physical presence on post-TCs determine their productive interaction with ABCE1. This, in turn, poses the question of why eRF1 remains firmly bound post-TCs only in the presence of eRF3. One possibility is that eRF3 remains associated with ribosomal complexes throughout the termination process and stabilizes the eRF1/post-TC interaction after peptide release. Alternatively, the conformations of eRF1, in which it induces peptide release with and without eRF3, may differ. eRF1 might establish additional ribosomal contacts in eRF3's presence that would allow it to remain bound to post-TCs even if eRF3 were to dissociate after GTP hydrolysis or peptide release. Thus, in the first scenario, eRF3 would have to remain associated with post-TCs after peptide release, whereas in the second, it would be allowed to dissociate. In either case, continuous or initial association of eRF3 with eRF1 and ribosomal complexes strengthens eRF1's interaction with post-TCs.
Consistent with previous reports (Andersen and Leevers, 2007; Dong et al., 2004; Kispal et al., 2005; Yarunin et al., 2005) , we observed that in the AMPPNP-bound form, ABCE1 efficiently associated with 40S subunits and 43S complexes, but not with 80S ribosomes or pre-TCs, which suggests that ABCE1's binding site is occluded in both. However, it could stably bind to post-and even to pre-TCs that contained eRF1 and exhibit the 2nt toe-print shift:
to post-TCs containing transcript tRNA Leu and obtained with eRF1(wt), and to eRF1(AGQ)bound pre-TCs. A potential direct contact between ABCE1 and eRF1 might contribute to ABCE1's binding to 80S ribosomal complexes, but it seems more likely that ABCE1's binding to ribosomal complexes is promoted by the putative conformational changes induced in them by eRF1, which unmask ABCE1's binding site. Interestingly, ribosomal binding of eEF3 also depends on the conformational state of 80S ribosomes: in its ATP-bound form, eEF3 binds most stably to ribosomes in the post-translocation state, whereas binding to empty ribosomes is weaker, and a rotated conformation of the head in pre-translocated ribosomes is not permissive for eEF3-binding (Andersen et al., 2006) . Significantly, in its GTP-bound form, eRF3 prevents association of ABCE1 with eRF1-bound ribosomal complexes. Thus, before GTP hydrolysis, eRF3 either sterically blocks association of ABCE1 with ribosomal complexes or induces conformational changes that are unfavorable for its binding. To allow ATPdependent binding of ABCE1 to post-TCs, either eRF3/GDP dissociates from ribosomal complexes, or in contrast to eRF3/GTP-bound ribosomal complexes, eRF3/GDP-bound post-TCs can productively interact with ABCE1.
Binding to post-TCs stimulates ABCE1's NTPase activity, which results in dissociation of post-TCs into 60S subunits and tRNA-and mRNA-bound 40S subunits. These data are consistent with a model in which mechanical work, into which ABCE1 converts the chemical energy of NTP hydrolysis, is used to dissociate post-TCs into subunits. The presence of eRF1 on post-TCs is required for ABCE1's binding, but eRF1's role in ribosomal recycling is likely more than just to create a binding site for ABCE1, and may involve transmission and even amplification of the impact of conformational changes in ABCE1 that occur upon NTP hydrolysis. Since no stable binding of ABCE1 with ribosomal subunits was observed in the presence of ADP, after dissociation of post-TCs into subunits, ABCE1 is most likely released into solution. Clarification of the molecular mechanism of ribosomal recycling by ABCE1 will require structural studies of post-TCs to determine the conformation and position of eRF1, and to establish the ribosomal location of ABCE1.
The mechanism of eukaryotic ribosomal recycling is therefore very different from that in bacteria. The differences are in part determined by differences in the preceeding stage of translation termination, after which eukaryotic post-TCs are stably bound at least to eRF1, in contrast to bacterial post-TCs, which do not remain associated with release factors. The fact that eRF1 is required for the next stage of ribosomal recycling accounts for our prior finding that eRF1 remains bound to post-TCs (Pisarev et al., 2007) . Since ABCE1 also occurs in Archaea, but not in bacteria (Dean and Annilo, 2005) , and as archaeal aRF1 is homologous to eukaryotic eRF1 (Atkinson et al., 2008) , it is tempting to suggest that the mechanism of recycling in Archaea is similar to that in eukaryotes.
Experimental Procedures
Plasmid construction, ABCE1 silencing in HeLa cells, preparation of HeLa cell extract and the pull-down assay are described in Supplementary data, which also contain detailed protocols for all experimental procedures.
Purification of factors and ribosomal subunits
Native 40S and 60S subunits, eIF2, eIF3, eIF4F, eIF5B, eIF6, eEF1H and eEF2, and recombinant eIF1, eIF1A, eIF4A, eIF4B, eIF5, eIF3j, wt eRF1, eRF1(AGQ) and eRF3 were purified as described (Alkalaeva et al., 2006; Si et al., 1997) . [ 32 P]eRF1 and [ 32 P]60S subunits were prepared as described (Pisarev et al., 2007) .
ABCE1 purification
ABCE1 was purified from RRL on the basis of activity in promoting recycling at 2.5 mM Mg 2+ of post-TCs formed on MVHL-STOP mRNA. Purification involved preparation of ribosomal salt wash, fractionation by ammonium sulphate precipitation, chromatography on DEAE cellulose and phosphocellulose, and FPLC on MonoS and hydroxyapatite columns.
Assembly of ribosomal complexes
Pre-TCs were assembled on MVHL-STOP mRNA with native or transcript aa-tRNAs and purified by SDG centrifugation (Alkalaeva et al., 2006) .
Dissociation of post-TCs into subunits
Pre-TCs containing [ 32 P]60S subunits were incubated with combinations of eRF1, eRF3, 1mM puromycin, ABCE1, eIF6, eIF3, eIF1, eIF1A, eIF3j and 60S subunits for 10 minutes at 37°C in buffer A (20 mM Tris, pH 7.5, 100 mM KCl, 0.25 mM spermidine, 2 mM DTT) supplemented with nucleotides and corresponding amounts of MgCl 2 to achieve indicated Mg 2+ concentrations, and centrifuged through 10-30% SDGs.
mRNA release
Pre-TCs containing [ 32 P]MVHL-STOP mRNA were incubated with combinations of wt eRF1, eRF3, ABCE1, eIF6, eIF3, eIF1, eIF1A and eIF3j for 10 minutes at 37°C in buffer A supplemented with 0.2 mM ATP, 0.2 mM GTP and corresponding amounts of MgCl 2 to achieve indicated Mg 2+ concentrations, and centrifuged through 10-30% SDGs.
tRNA release
Pre-TCs containing native Leu-[5′-32 P]tRNA Leu were incubated with combinations of wt eRF1, eRF3, ABCE1, eIF6, eIF3, eIF1, eIF1A and eIF3j for 10 minutes at 37°C in buffer A supplemented with with 0.2 mM ATP, 0.2 mM GTP and corresponding amounts of MgCl 2 to achieve indicated Mg 2+ concentrations, and centrifuged through 10-30% SDGs.
Toe-printing analysis
Pre-TCs were incubated with combinations of wt eRF1, eRF1(AGQ), eRF3, 1mM puromycin, ABCE1, eIF3, eIF1, eIF1A, eIF3j and SDG-purified 80S/eRF1/ABCE1 complexes for 10 minutes at 37°C in buffer A supplemented with ATP, GTP, UTP, CTP, ADP, GDP, GMPPNP or AMPPNP and corresponding amounts of MgCl 2 to achieve indicated Mg 2+ concentrations. After incubation, the Mg 2+ concentration was elevated to 20 mM to prevent further recycling. Ribosomal complexes were analyzed by primer extension.
Analysis of eRF1's association with post-TCs
For experiments shown in Figs. 1D, 1F, 3G and 6G, pre-TCs were incubated with [ 32 P]eRF1 and combinations of eRF3, ABCE1 and 60S subunits for 10 minutes at 37°C in buffer A supplemented with GTP, ATP, ADP or AMPPNP and corresponding amounts of MgCl 2 to achieve indicated Mg 2+ concentrations. For experiments shown in Fig. 5E , 80S ribosomes were incubated with [ 32 P]eRF1 in the absence/presence of ABCE1 and eRF3 for 10 minutes at 37°C in buffer A supplemented with 1 mM ATP, ADP or AMPPNP and corresponding amounts of MgCl 2 to achieve indicated Mg 2+ concentrations. Reaction mixtures were centrifuged through 10-30% SDGs.
Analysis of ribosomal binding of ABCE1
For experiments shown in Figs. 5A-B, ABCE1 was incubated with 80S ribosomes, 40S subunits, 60S subunits or 43S complexes in the presence/absence of various nucleotides (1 mM) for 10 minutes at 37°C in buffer A + 4 mM MgCl 2 . For experiments shown in Fig. 5C , ABCE1 was incubated with pre-TCs and combinations of wt eRF1, eRF1(AGQ), eRF3, 1 mM puromycin and nucleotides (1 mM) for 10 minutes at 37°C in buffer A + 4 mM MgCl 2 . For experiments shown in Fig. 5D , 80S ribosomes were incubated with ABCE1 and eRF1 individually or in combination for 10 minutes at 37°C in buffer A + 2.5 mM MgCl 2 . After incubation, reaction mixtures were centrifuged through 10-30% SDGs, and ribosomal complexes were analyzed by western blotting.
NTPase assay
For experiments shown in Figure 6A , ABCE1 was incubated with/without 80S ribosomes in buffer A supplemented with 2.5 mM MgCl 2 and 0.33 μM [α-32 P]ATP, [α-32 P]GTP, [α-32 P] UTP or [α-32 P]CTP for 30 minutes at 37°C. For experiments shown in Figure 6B , ABCE1 was incubated with combinations of pre-TCs, eRF1 wt, eRF1(AGQ) mutant and eIF6 in buffer A supplemented with 0.33 μM [γ-32 P]GTP and 2.5 mM MgCl 2 for 2-30 minutes at 37°C. Reaction mixtures were analyzed by chromatography on polyethyleneimine cellulose. by incubation of pre-TCs assembled on MVHL-STOP mRNA using [ 32 P]60S subunits with eRF1/eRF3, eRF1 alone, or puromycin, assayed by SDG centrifugation. (E) Toe-print analysis of ribosomal complexes, obtained by incubating pre-TCs, assembled on MVHL-STOP mRNA using native Leu-tRNA Leu , with combinations of eRFs, puromycin, ABCE1 and eIFs at 2.5 mM Mg 2+ . Lanes C, T, A, G depict cDNA sequences corresponding to MVHL-STOP mRNA. The positions of full-length cDNA and of toe-prints corresponding to ribosomal complexes are indicated. (F) Interaction between ABCE1 and eRF1 assayed by co-immunoprecipitation. Anti-ABCE1 antibodies with/without ABCE1 were bound to protein A sepharose, which was then incubated with eRF1. Proteins bound to the matrix were further analyzed by western blotting using anti-eRF1 (upper panel) and anti-ABCE1 (lower panel) antibodies.
Figure 5. Nucleotide-dependence of ribosomal association of ABCE1
(A-C) Association of ABCE1 with (A) 40S subunits, 43S complexes and 80S ribosomes, (B) 60S subunits and (C) pre-TCs assembled with native or transcript Leu-tRNA Leu and incubated with combinations of wt eRF1, eRF1(AGQ), eRF3 and puromycin, in the presence/absence of nucleotides, as indicated. Ribosomal peak fractions obtained by SDG centrifugation were analyzed by western blotting using anti-ABCE1 antibodies. (D) Association of ABCE1 and eRF1 with individual 80S ribosomes in the absence of nucleotides assayed by SDG centrifugation and western blotting of peak ribosomal fractions using anti-ABCE1 (left panel) and anti-eRF1 (right panel) antibodies. (E) Association of [ 32 P]eRF1 with 80S ribosomes in the presence/absence of ABCE1 and nucleotides as indicated, assayed by SDG centrifugation.
Upper fractions were omitted for clarity. (F) Toe-print analysis of ribosomal complexes obtained by incubating pre-TCs, assembled on MVHL-STOP mRNA using native tRNA Leu , with eRF1/eRF3 and SDG-purified 80S/eRF1/ABCE1 complexes (panel E). Toe-prints corresponding to ribosomal complexes are indicated. ABCE1 binds to post-TCs containing eRF1 (or eRF1/eRF3, if eRF3 remains associated with ribosomal complexes), and after hydrolyzing ATP promotes their dissociation into 60S subunits and tRNA-and mRNA-bound 40S subunits.
